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INTRODUCTION
Until recently, genetic polymorphisms have been studied by analyzing and defining precise structural differences in normal and variant gene products by serological and biochemical methods. Newer techniques, including the use of restriction endonucleases, now permit an analysis of such polymorphisms at the gene level by detecting changes in DNA sequence organization (1) . Restriction endonuclease mapping with the Southern "blotting" technique has provided detailed information on the organization of the human 6-and f3-globin structural genes (2) (3) (4) (5) . This procedure involves the cleavage of cellular DNA with restriction Received for publication 6 April 1979 and in revised form 14 May 1979. enzymes, separation ofthe DNA fragments by size with agarose gel electrophoresis, transfer of the DNA to nitrocelltilose filters, and subsequent hybridization to specific radioactive globin complementary DNA (cDNA)1 probes.
With restriction enidonuclease niapping, Kan (7). Doublestranded ,B-cDNA was isolated from PMB9 plasmid DNA after restriction with Hha I and purification of the 1.6-kb fragment by neutral sucrose gradient centrifugation. The cDNA probe was nick-translated, as described, to a 2-4 x 108 cpm/,ug sp act (8) . The hydbridization, washing of filters, and autoradiography were performed as described (4, 5) . A Cot value of 0.001 was attained after hybridization at 68°C for 24 h (4, 5).
was -1.0 in all individuals with SS studied. 10 of the 31 SS homozygotes showed only the 13.0-kb variant indicating that the Hpa I sites 3' to both 1s-genes had been altered (Table I , Fig. 1 ). 14 individuals had both 13.0-kb and 7.6-kb bands, and five had only the 7.6-kb fragments (Table I ). Our data indicate that the frequency of the 13.0-kl) variant in association with the sickle-cell gene is -58% (Table I ). In addition, 13.0/7.0 anid 13.0/5.6 sickle-cell variants were detected (Fig. 2) .
Several families were studied to confirm the genetic basis of this polymorphism and evaluate its usefulness as an antenatal diagnostic tool. The Hpa I globin gene fragments are inherited in a simple Mendelian fashion in six families studied. We found one family in which both AS parents were 7.6/13.0, and in which the Hpa I polymnorphismn could be used for a definitive prenatal diagnosis. In another family, both parents with AS had only 7.6-kb fragments, thus preventing a distinction between the fr-and ,A-genes. In four of the six faimilies studied, one AS parent was 13.0/7.6, and the other was 7.6/7.6 (Fig. 3) .
We also examined DNA from normal individuals, AS heterozygotes, and patients with other hemoglobin variants. In these experiments, we detected the 13.0-kb variant with the cl<-gene in three of six opportunities for analysis (Table I ). The p-gene codes for a single amino acid change at position 6 (glu lys) of the normiial ,BA-globin chain. One individual with only hemoglobin C (CC) had a 13.0-and 7.6-kb fragment, whereas two individuals doubly heterozygous for sickle and C hemiioglobiin (SC) had only the 13.0-kb variant (Fig. 4) . One subject heterozygous for the ,&-and ,BA-genes (AC) had a 13.0-and 7.6-kb fragment (Table I, Fig. 4) . We have also found the 13.0-kb Hpa I fragment in association with the pA-gene in the Black population studied (Table I) XVe have detected other polymorphisi-tis in patieints with sickle-cell aniemnia. One individual had only 13.0-and 7.0-kb Hpa I fragmiienits. Kani an(lIDozy (1) reported the presence of a 7.0-kl) variant with the /3A_gene. Our results indicate that this variant is also fouind( with the ,&-gene, althouigh the 7.0-kb fragmnenits seen in these two cases may not be idlentical. Another SS patient showed two Hpa I 3-globin fragmiients (13.0 anid 5.6 kb) (Fig. 2) . The 5.6-kb band hybridized with conisistently greater intensity than other /8-globin fragmiienits in several separate experimenits. This is not a result of better transfer because of its small size since other comparalbly sized fragments are not nearly as intense. In this case, the 5.6-kb fragment may either be associated with the Ps-gene, or the patient may be homozvgous AS SS AS AS FIGURE 3 Hpa I restriction pattern of ,/-and 8-globini genes in a family. The procedure is described in Methods and Fig. 2 . From left to right: AS son (7.6/7.6); SS daughter (13.0/7.6); AS father (13.0/7.6); and AS mother (7.6/7.6 substantially less than the 87% frequency previously reported (1) . However, it will require analysis of a much larger population study to determine the true incidence of the 7.6-and 13.0-kb fragments with the ,I-gene. We detected no correlation of the 13.0-kb variant with the clinical severity of sickle-cell disease. Surprisingly, we also found the 13.0-kb variant commonly associated with the f3f-gene. In addition, three of the 83A_genes were linked to the 13.0-kb fragments. The finding that the 13.0-kb variant occurs with the if-and /BA-genes suggests that the 13.0-kb fragment is not specifically linked to the 8s-gene and probably occurred in a subpopulation of,8A-Blacks who subsequently developed the fs3 and if-genes. Kurnit (10) recently suggested that the if-genes associated with 7.6-and 13.0-kb Hpa I fragments arose independently. Our Our results also indicate that the application of this polymorphism in the prenatal diagnosis of sickle-cell disease is less useful than previously suggested (11) . Clearly, DNA analysis with amniotic fluid cells is more desirable than fetoscopy because of the reduced risk to mother and fetus and a relatively easier technical procedure. However, the Hpa I polymorphism will be most useful in cases where both parents possess the 13.0/7.6 genotype. Only 30% (3 of 10) of our sickletrait subjects carried the 13.0/7.6-kb genotype. The Hpa I polymorphism will be less useful in families in which one f3AI_parent has 13.0/7.6 genotype and the other 3A,8S_parent has 7.6/7.6. If amniocentesis DNA reveals a 7.6/7.6 genotype, the 8s3Bs-genotype is most unlikely.
If, however, amniocentesis reveals a 13.0/7.6 genotype, sickle-cell anemia and sickle-cell trait in the fetus cannot be distinguished. This situation poses special problems in genetic counselling.
In the past, polymorphisms have proven exceedingly valuable in many types of genetic analyses. The data presented here and previously (1) indicate that they may become particularly useful at the gene level in the diagnosis and prevention of hereditary defects. It will become increasingly important, however, to define if a specific relationship exists between the polymorphism and the defective gene or whether the association is a result of unrelated genes occurring in the same population. In general, large population studies will be required for an accurate assessment of this kind.
